Introduction
There has been considerable discussion regarding the role of oxygen tension in the modulation of male erectile function at the level of smooth muscle tone and on connective tissue metabolism. One of the issues that remains to be resolved is whether hypoxemia is associated with penile ®brosis. At accidity, the corpus cavernosum trabecular smooth muscle is contracted and the penile blood PO 2 is 25±40 mm Hg. 1 During erection, the trabecular smooth muscle relaxes, allowing an in¯ow of arterial blood, and the blood PO 2 increases, reaching a plateau at 90±100 mm Hg. 1 This increase in blood PO 2 precedes the rise in cavernosal pressure which represents functional veno-occlusion as the subtunical draining venules are stretched and occluded. It is our hypothesis that this difference in oxygen tension in the¯accid and erect states results in the regulation of synthesis of cytokines, autocoids, growth and vasoactive factors, which play a major role in connective tissue metabolism (Figure 1) . Thus, in¯accidity, reduced oxygen tension leads to trabecular connective tissue synthesis and during erection, increased oxygen tension leads to reduced connective tissue synthesis and collagen degradation. Sexual as well as nonsexual (for example, nocturnal penile tumescence) erections may be important in modulating trabecular connective tissue metabolism and to maintain a functional connective tissue/smooth muscle ratio 2 crucial for erectile function.
The association of hypoxemia with erectile dysfunction would imply that the epidemiology of this condition would be correlated with vascular disease. Vasculogenic erectile dysfunction is primarily associated with vascular insuf®ciency to the penis. 3, 4 This condition is a complication of vascular disease resulting from diabetes mellitus, cigarette smoking, hypertension, or hypercholesterolemia and atherosclerosis. It may also result from crural 5 or pudendal 6 trauma which damages the penile arterial supply. 3 Therefore, vascular disease and hence vascular insuf®ciency are consistent with corpus cavernosum hypoxemia.
If erectile dysfunction is a result of trabecular structural changes, one would expect to ®nd common pathologic characteristics. The histopathology of penile biopsy specimens from patients with erectile dysfunction include a qualitative linkage between arterial insuf®ciency, corpus cavernosum smooth muscle cell atrophy and excess connective tissue (collagen) accumulation. 7±11 In a prospective study of men undergoing penile prosthesis insertion, we have found a direct correlation between erectile function and the ratio of trabecular smooth muscle to total erectile tissue. 2 Erectile function was de®ned by experimentally determined parameters of¯ow to maintain erection, resistance to ®lling, and pressure decay using dynamic infusion corpus cavernosography/cavernosometry (DICC) 12 ow-to-maintain values (50 ±120 ml/min) and substantial cavernous leakage. Similar relationships were found when out¯ow resistance and pressure decay were correlated with percent trabecular smooth muscle. Therefore,¯ow to maintain erection increases due to venous leakage; resistance falls as venoocclusion become less successful; and pressure decay, a measure of both in¯ow and out¯ow increases with decreased veno-occlusion. These results suggest a critical balance of trabecular smooth muscle and connective tissue is necessary for successful venoocclusion and that excessive diffuse connective tissue is correlated with a higher likelihood of venous leakage and erectile failure. 2 A de®ned understanding of the pathophysiology of erectile dysfunction requires a knowledge of the molecular and biochemical regulation of connective tissue synthesis and degradation in the corpus cavernosum.
It is well accepted that the trabecular smooth muscle cell, the predominant mesenchymal cell type in the corpus cavernosum, regulates vasoconstriction and vasodilation, thus providing the state of erection of the corpora. 13 What is less well known is that vascular smooth muscle cells synthesize collagen and connective tissue proteins.
14 Human corpus cavernosum smooth muscle cells in culture express type I, III, and V/XI ®brillar collagens. 14 Type IV collagen plays an important role in basement membrane assembly and has been reported in Figure 1 The seesaw of erectile (dys)function. At¯accidity, corpus cavernosal blood PO 2 is low (25±40 mm Hg 1 ), the trabecular smooth muscle of the lacunar spaces contracted. It is our hypothesis that these conditions favor the production of growth factors, cytokines and vasoactive factors which favor connective tissue synthesis. During erection, corpus cavernosal blood PO 2 increases and plateaus at 90±100 mm Hg 1 and the trabecular smooth muscle of the lacunar spaces relaxes. We further hypothesize that these conditions favor connective tissue degradation. It is the sum of both processes which lead to the trabecular smooth muscle/connective tissue balance.
corpus cavernosum biopsies at the smooth muscleendothelial cell boundary of the trabeculae as well as in between smooth muscle cells. 11 Collagen accumulation can be modulated by degradative enzymes (for example collagenases and gelatinases) secreted by the surrounding smooth muscle cells. The matrix metalloproteinases are a family of secreted zinc proteinases which degrade collagen and gelatin (denatured collagen). 15 These proteins are expressed as zymogens and activated by proteolysis. The normal processes of remodeling and deposition of extracellular matrix as well as events leading to excess matrix accumulation remain to be fully characterized in the corpus cavernosum.
In this article, a series of critical questions will be addressed pertaining to the possible role of hypoxemia in penile ®brosis. In particular, there will be a focus on the role of transforming growth factor b 1 expression induced by hypoxemia, TGF-b 1 induction of collagen synthesis in corpus cavernosum, the inhibition of prostaglandin E synthesis in corpus cavernosum by hypoxemia, role of PGE in the suppression of TGF-b 1 -induced collagen synthesis in corpus cavernosum, and whether or not hypogonadism is the same as hypoxemia.
What molecular factors regulate the processes of collagen synthesis and degradation in the corpus cavernosum?
Initial studies from our laboratory have chosen to focus on two factors: transforming growth factor-b 1 (TGF-b 1 ) as a`®brogenic cytokine' and prostaglandin E as an autacoid which can inhibit connective tissue synthesis. TGF-b 1 is a pleiotropic cytokine that induces connective tissue synthesis 16, 17 and inhibits growth of vascular smooth muscle cells. 18 These are the two main changes observed in corpus cavernosum histopathology (for example, increases in connective tissue and atrophy and death of smooth muscle cells).
2,9±11 TGF-b 1 alters the composition of extracellular matrix surrounding the cells by inducing expression of collagens, ®bronectin and proteoglycans, while inhibiting the activity and expression of collagenases and other proteases. 16, 17 This results in a net collagen accumulation in the extracellular matrix. It has been demonstrated in normal rat kidney cells in culture that the growth inhibitory effects of TGF-b 1 are mediated in part through ®brillar collagen accumulation. 19 In studies on pulmonary, hepatic and renal ®brosis, severity of disease was correlated with increased expression of TGF-b 1 . 15, 16 In the vasculature, increased expression of TGF-b 1 has been correlated with diffuse intimal thickening in human coronary arteries and human restenosis lesions. 16 Transfection of the TGF-b 1 gene into porcine femoral arteries results in a ®brocellular hyperplasia 20 with histologic similarities to corpus cavernosum biopsies from diseased patients.
2,9 ±11
Thus, TGF-b 1 is a good candidate for a ®brogenic cytokine in the corpus cavernosum.
What factors potentially regulate the TGF-b 1 response? It is known that prostaglandin E relaxes corporal smooth muscle strips in organ baths; while PGF 2 a, thromboxane A 2 and prostacyclin elicit corpus cavernosal contractions. 13 Interestingly, relaxation may not be the only effect of PGE. Previous studies have shown that PGE 1 25 and PGE 2 26 suppress collagen synthesis in primary cultures of human lung ®broblasts. Treatment with PGE 1 resulted in a 47% reduction in collagen biosynthesis with little or no effect on other secreted proteins. 25 TGF-b 1 -induced collagen synthesis in ®broblasts is suppressed by PGE 2 .
26 Consistent with this observation, cultured lung ®broblasts from patients suffering from idiopathic pulmonary ®brosis have a diminished capacity to synthesize PGE 2 . 27 In order to establish a cause and effect relationship of PGE in prophylaxis of lung ®brosis, prostaglandin G/H synthase (PGHS, a key enzyme in PGE synthesis) was transfected into rabbits. Animals were treated with pulmonary dosages of bacterial lipopolysaccharide which results in pulmonary hypertension and ®brosis. PGHS-transfected rabbit lungs had an increased capacity to synthesize PGE 2 and were protected from endotoxin-induced pulmonary hypertension. 28 Finally, PGE, which is derived from twenty carbon, polyunsaturated fatty acids (dihomog-linoleic acid for PGE 1 and arachadonic acid for PGE 2 ), is synthesized by a series of reactions in which these fatty acids are converted into prostaglandin H by prostaglandin G/H synthase in an oxygen dependent reaction then to PGE by PGE epimerase. It is the oxygen dependence of PGE synthesis which may underlie its role in hypoxemia and penile ®brosis.
What is the evidence that TGF-b 1 is synthesized by corpus cavernosum smooth muscle cells and its synthesis regulated by oxygen tension?
We have demonstrated the expression of TGF-b 1 mRNA in human corpus cavernosum by Northern blot analysis, 14 reverse-transcribed polymerase chain reaction (RT-PCR) of archival surgical specimens, 2 and TGF-b protein by immunohistochemical staining in corpus cavernosum biopsies. 21 Further, oxygen tensions consistent with¯accid blood PO 2 (30 mm Hg) induce TGF-b 1 mRNA expression approximately two-fold in eighteen hours and threefold in twenty four hours. 21 What is the evidence that PGE is synthesized by corpus cavernosum smooth muscle cells and its synthesis regulated by oxygen tension? Both human 29 and rabbit 30 corpus cavernosum in organ culture synthesize PGE; in the rabbit, 30 oxygen tensions consistent with¯accid blood PO 2 (30 mm Hg) inhibit this production. We ®nd that human corpus cavernosum smooth muscle cells in culture also synthesize PGE and that this process is inhibited by PO 2 of 30 mm Hg. 21 Thus, human corpus cavernosum smooth muscle cells synthesize both TGF-b 1 and PGE; and oxygen tensions consistent with¯accid blood PO 2 induce TGF-b 1 expression and inhibit PGE synthesis.
What is the evidence that TGF-b 1 and PGE play a role in human corpus cavernosum smooth muscle collagen synthesis? The type II receptor is expressed more than the type I, consistent with a smooth muscle phenotype. 24 The dose of TGF-b 1 which results in half-maximal stimulation of collagen synthesis in human corpus cavernosum smooth muscle cells is consistent with the reported af®nity constants for the high af®nity receptors (Kd $ 8 pM).
14 Cells derived from each of three groups in the study above comparing DICC results to percentage trabecular smooth muscle 2 all express TGF-b 1 mRNA, and TGF-b 1 autoinduces its own mRNA as well as all three types of TGF-b receptors. Thus, TGF-b 1 can induce itself and its receptors, perhaps perpetuating a ®brotic response; consistent with what Border and Ruoslahti termed`the dark side of ®brosis'. 16 We have reported that PGE 1 , which elevates cyclic AMP Figure 2 Working hypothesis of regulation of collagen synthesis in human corpus cavernosum smooth muscle. Left panel depicts activity of PGHS1/2 in the synthesis of PGE precursors and ®nally PGE at high oxygen tension associated with the erect state. PGE binds to speci®c EP2 and/or EP4 receptors which, through a Gs protein-coupled signal, activate adenylate cyclases to synthesize cAMP. cAMP inhibits collagen synthesis. Phosphodiesterases (PDE) terminate the cAMP signal by hydrolysis to AMP; a process inhibited by PDE inhibitors such as papaverine, or the type 3 PDE inhibitor, milrinone. Right panel depicts at low oxygen tension associated with thē accid state, TGF-b 1 expression is increased, TGF-b 1 is secreted, activated and binds to high af®nity type I and type II receptors (TGF-bRI and TGF-bRII). This increases TGF-b 1 expression, expression of TGF-b receptors and induces collagen and connective tissue synthesis. Both pathways at high and low oxygen tension work together to yield the ®nal connective tissue/smooth muscle balance which may be altered in diseased states. 14 Thus, PGE synthesized by smooth muscle cells, may suppress the actions of endogenously synthesized TGF-b 1 . Therefore, the interaction between PGE and TGF-b 1 pathways may key in determining connective tissue/smooth muscle balance in the corpus cavernosum ( Figure 2) .
All of the data in support of a role of hypoxemia in penile ®brosis discussed so far is from tissue culture and in vitro models.
Is there any evidence in animal models of disease that supports this hypothesis?
Three such models will be discussed. A rabbit model of atherosclerosis has been developed in which a high cholesterol diet in combination with iliac artery balloon injury leads to corpus cavernosum ischemia and erectile dysfunction. 31, 32 In this model, impaired erectile tissue function and decreased corporal blood¯ow increased with severity of disease. 31, 33 When penile biopsy specimens were examined for each of the three rabbit groups (control, hypercholesterolemic, and atherosclerotic, ischemic), it was found that the ratio of trabecular smooth muscle to total tissue area decreased with increasing severity of disease (45.4% in control, 39.1% in hypercholesterolemic, and 33.9% in atherosclerotic, ischemic). 34 Finally, in the atherosclerotic animals, an increase in corpus cavernosum tissue TGF-b 1 and decreased capacity for PGE synthesis in organ culture was noted when compared to control animals. 35 In an alloxan-induced diabetic rabbit model, it was found that diabetes mellitus impaired both neurogenic and endothelium-dependent relaxation of rabbit corpus cavernosum smooth muscle. 36 When penile biopsy specimens were examined for each of the three rabbit groups control (blood glucose 111 AE 2 mg/dl), mild diabetic (blood glucose 133 AE 4 mg/dl but decreased blood insulin levels), and severe diabetic (low blood insulin, blood glucose 416 AE 20 mg/dl), it was found that the ratio of trabecular smooth muscle to total tissue area decreased with increasing severity of disease (42.5% in control, 39.5% in mild diabetic, and 35.4% in severe diabetic) 37 similar to the results in the atherosclerotic rabbit model. 34 While direct correlations to TGF-b 1 and PGE levels are yet to be described in this model, the severity of disease is correlated with structural changes in the rabbit corpus cavernosum.
Both of these animal models of disease show trabecular structural changes which correlate with the severity of disease, and in one instance there is an increase in TGF-b 1 and a decrease in PGE. 35 What is the evidence that TGF-b 1 is necessary and suf®cient as an agent of corpus cavernosum ®brosis? In order to establish an in vivo model for TGF-b 1 -induced corporal ®brosis, TGF-b 1 -impregnated slow release pellets were introduced into the rabbit corpus cavernosum. 38 Controls included placebo time release pellets and untreated controls. A signi®cant increase in connective tissue was observed compared to placebo by 72 h of treatment (35.5% smooth muscle per erectile tissue area vs 40.0% for placebo and 43.5% for untreated controls). 38 This induction of corporal ®brosis is comparable to that observed in 16 week atherosclerotic, ischemic rabbits. 34 The expression of TGFb 1 mRNA and protein in human corpus cavernosum, as well as induction of collagen synthesis in cell culture and connective tissue in an animal model suggests a role for TGF-b 1 in corpus cavernosum connective tissue synthesis.
Is hypogonadism associated with hypoxemia?
This is an interesting point to address as there are anecdotal reports of eugonadal and hypogonadal men with erectile dysfunction who have been successfully treated and recovered function by administration of androgen supplements. A recent review of androgens and penile erection stated that`a critical examination of the literature fails to establish a clear association between erectile function in men, and blood levels of testosterone, dihydrotestosterone, or other androgens'. 39 This may be due in part to the dual sites of action of androgens (central and peripheral), the dif®culty in constructing de®nitive clinical studies, and the fact that even in men with low blood levels of testosterone, potency is reported. 40 The discrepancies in the literature are illustrated by the following two studies. In one study, clomiphene citrate was administered to elevate blood testosterone levels in impotent men with secondary hypogonadism. Despite the return to normal testosterone blood levels, no overall improvement in erectile function was noted in any group; and limited improvement in nocturnal penile tumescence was observed only in young and healthy men. 41 On the other hand in another recent report, testosterone undecanoate oral supplements improved self-reported erectile function in 61% hypogonadal males in the study. 42 In humans, it is therefore dif®cult to assess the bene®ts of androgen therapy for hypogonadism; much less whether or not hypogonadism is associated with hypoxemia. Erection in the rat as well as neural nitric oxide synthase (nNOS) is regulated by androgens. 39, 43 In a recent report 40% of nNOS and 20% of vasoactive intestinal peptide containing nerves co-stained with androgen receptor in the major pelvic ganglion of the adult rat penis, 44 suggesting a role of androgen in regulation of these neurons. When aged rats are compared to young rats, the erectile response remains intact to electrical and peripheral stimulation, but nNOS containing nerves as well as percent trabecular smooth muscle decreases in the aged group compared to the young group. 45 In contrast, an nNOS gene knockout in mice results in a strain which is not only potent but reproduces aggressively and is prone to violence with its litter mates. 46 These results suggest that while androgen regulation of neural nitric oxide synthase is an important component of erectile response in the rat, other components (endothelial nitric oxide synthase) can compensate for loss of this gene. They further fail to show an association between hypogonadism and hypoxemia.
We have examined TGF-b 1 and PGE as two possible factors that may regulate corpus cavernosum collagen metabolism, shown that both substances are both synthesized in the corpus cavernosum and that their synthesis is regulated by oxygen tension.
How might these substances interact to preserve a functional smooth muscle: connective tissue balance in the corpus cavernosum?
Nocturnal penile tumescence (NPT) was ®rst reported in infants by Halverson. 47 Most men have three to ®ve nocturnal episodes, each lasting anywhere from 30 ±45 min and coincident with rapid eye movement (REM) sleep. 49 A recent report of term fetuses found a 22% incidence of penile tumescence using ultrasound imaging. 48 Therefore, NPT begins as human males are born and continues in a circadian fashion throughout life, declining in older age. 51 As these episodes occur daily, they provide a brief period (anywhere from 1.5±3 h/d 49 ) of increased blood PO 2 in the corpus cavernosum and hence the potential to synthesize substances such as prostanoids or nitric oxide whose synthesis is favored by the higher oxygen tensions. However, since this amounts to only 6±12% of the day, the corpus cavernosum is at the lower blood PO 2 in the absence of sexual stimulation for most of the day. If this hypothesis is valid, why is there not ®brosis of the corpora? In studies in cell culture, one application of PGE 1 was suf®cient, despite the predicted short half-life of PGE 1 to suppress TGF-b 1 -induced collagen synthesis.
14 Thus, the brief elevation of cAMP levels in response to PGE 1 binding may be suf®cient in human corpus cavernosum smooth muscle cells 22 as has been observed in human fetal lung ®broblasts 25, 26 to suppress TGF-b 1 -induced collagen synthesis. This dampening effect may be key in the maintenance of a functional trabecular smooth muscle/connective tissue balance. 2 What clinical correlates exist to the importance of NPT or erections and potency?
Erectile dysfunction has been reported in patients in which REM sleep and NPT are absent (sleep apnea 51 ) or disrupted (narcolepsy 52 and epilepsy 53 ). Of particular interest is one study in which one third of the patients with sleep apnea and erectile dysfunction, continuous positive airway pressure improved erectile function as well as nocturnal penile tumescence. 54 While further studies are needed, it appears that`erections may be good for preserving erections.' Radical retropubic prostatectomy, even when performed by nerve sparing techniques, often results in either a temporary or permanent loss of erectile function. A recent prospective study of nerve-sparing radical prostatectomy patients in Italy showed that those patients on postoperative prophylactic PGE 1 were more likely to recover erectile function than those on placebo. 55 Finally, while psychogenic effects cannot be ruled out, up to 28% of patients in one study using intracorporal PGE 1 achieved improved spontaneous erections and less frequent need for intracorporal injections. 56 Taken together, these studies suggest a role of hypoxemia in penile ®brosis and a role for and in preserving a functional smooth muscle/connective tissue balance in the corpus cavernosum.
Conclusions
While the study of the molecular pathology and etiology of corpus cavernosum ®brosis and vasculogenic impotence have just begun within the last ten years, basic research is needed to address which other factors regulate a functional smooth musclea connective tissue ratio. How is connective tissue turnover regulated in the corpus cavernosum? Can it be accelerated? What is the molecular basis of preservation of potency? Is nocturnal penile tumescence a key in maintaining potency, and how can it be enhanced? If detected early, can treatment reverse' the condition? The issue of prophylaxis (for example, preservation of potency) both after radical retropubic prostatectomy and with aging is one which awaits new studies. Finally, a working knowledge of the basic science of these processes promises to lead to rational design of effective therapeutic strategies for the treatment of vasculogenic impotence.
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